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the use of meta -alkyl-phenyl instead of para -alkyl-phenyl side chains considerably enhances the solubility, molecular weight and photovoltaic performance. [ 9 ] Thus, here we explore to what extent this strategy, which so far has only been used for few donor materials, benefi ts the photovoltaic performance of IDTbased copolymers.
To this end, we designed and synthesized four copolymers with an IDT donor unit, which carried either para -hexyl-phenyl or meta -hexyl-phenyl side chains, and a thiophene-quinoxalinethiophene acceptor unit ( Figure 1 ). We chose to work with two types of acceptors: a non-fl uorinated unit (TQ) as well as a fl uorinated unit (TQF), which can be expected to feature a slightly lower highest occupied molecular orbital (HOMO) level due to the electron-withdrawing effect of the fl uorine atom. [ 10 ] All polymers were prepared via the Stille coupling reaction between bis(trimethyltin) IDT monomers and bromides of thiophene-fl anked quinoxaline (see Supporting Information for more details on synthesis). Different reaction times were used for each polymer to control the molecular weight and ensure good solubility. The batches used in this study were those with Polymer solar cells (PSCs) have been intensively investigated in recent years due to several advantages such as low cost, light weight, and fl exibility. [ 1 ] Bulk-heterojunction (BHJ) blends of conjugated donor polymers and fullerene acceptors [ 2 ] now offer power conversion effi ciencies (PCEs) of up to 8-9%. [ 3 ] Current synthesis efforts focus on high-performance donor polymers that feature broad absorption spectra, high chargecarrier mobilities and suitable energy levels. [ 1, 4 ] Donor-acceptor (D-A) polymers, which combine an electron-rich and electrondefi cient unit, respectively, are particularly promising, [ 1, 5 ] since judicious selection of the D and A units permits fi ne-tuning of the energy levels and charge transport properties. Then, optimization of a given D-A combination with respect to solubility, crystallinity and molecular weight can be achieved by selecting suitable side chains. [ 6 ] One promising electron-rich donor unit is indacenodithiophene (IDT), which due to its high degree of planarity offers enhanced electron delocalization and thus a high charge-carrier mobility. [ 7 ] Among reported IDT-based donor materials, the highest PCE of 7.5% has been obtained with an IDT-thiophene-quinoxaline-thiophene copolymer that carries para -hexylphenyl side chains on the IDT unit. [ 8 ] Recently, we studied a series of thiophene-quinoxaline copolymers and found that the highest molecular weights, which were still soluble in chloroform, chlorobenzene, and o -dichlorobenzene ( o DCB). The number-average molecular weights ( M n ) of the meta -substituted polymers, PIDTTQ-m and PIDTTQF-m, were noticeably higher than those of the para -substituted polymers, PIDTTQ-p and PIDTTQF-p ( Table 1 ) , which agrees well with our previous study. [ 9a ] In order to investigate if the polymers form aggregates in solution or the solid state, we recorded a series of UV-vis absorbance spectra ( Figure 2 ), which are comparable for all four copolymers when dissolved in chloroform solution. We observed only a slight red-shift upon solidifi cation, which suggests that the copolymers investigated here have either already aggregated in solution or remain largely disordered in the solid state. [ 7a ] We performed grazing-incidence wide-angle X-ray scattering (GIWAXS) on thin fi lms to study the solid state order in more detail (Supporting Information, Figure S1 ). The diffraction patterns of all four copolymers are dominated by a broad halo, which indicates a large degree of disorder. The peak intensity of this amorphous halo is higher in the out-of-plane direction and corresponds to a spacing of about d halo = 2π/ q halo ≈ 4 Å ( Table 2 ) , which likely refl ects the average π-stacking distance between adjacent polymer backbones. We note that for the non-fl uorinated as well as the fl uorinated pair of copolymers, meta -substituted polymer chains lie slightly closer to each other. In addition, Scherrer analysis of the amorphous halos of PIDTTQ-m and PIDTTQF-m reveals coherence lengths of 14 and 12 Å, respectively, (Table 2 ) , which suggests that coherent domains only span about four polymer backbones. For PIDTTQ-p and PIDTTQF-p the coherence lengths are even shorter, with 9 and 10 Å, respectively. Thus, we propose that all the copolymers remain largely disordered in the solid state, which is consistent with previously reported IDT polymers. [ 7a ] With the aim to better understand the likely molecular conformation of the IDT copolymers we performed a series of density functional theory (DFT) calculations using a GGA functional PW91 [ 11 ] with a double numerical plus d-functions on heavy elements and p-functions on hydrogen, DNP (basis fi le 4.4). Trimers with full side chains were taken as a model system. We fi nd that the trimer backbones are fairly planar but slightly curved (Supporting Information, Figure S2 ). The conjugated backbone of either trimer is surrounded by a dense side-chain lining, which is likely to prohibit backbone stacking and thus explains why the corresponding polymers are amorphous. We note that the meta -substituted side chains of the PIDTTQ-m trimer wrap tightly around the planar backbone ( Figure 2 ). In contrast, for the PIDTTQ-p trimer we observe that para -substituted side chains extend further from the conjugated backbone in all directions. We propose that this extended side-chain conformation in the case of the para -substituted copolymers gives rise to increased steric hindrance between adjacent chains and, hence, a larger distance between polymer backbones (cf. discussion on GIWAXS patterns).
To investigate the HOMO and LUMO energy levels of the polymers, square wave voltammetry (SWV) was carried out (Table 2 and Supporting Information Figure S3 ). PIDTTQ-m and PIDTTQF-m feature 30 mV deeper HOMO levels compared to their corresponding para -substituted counterparts, which can be attributed to the stronger electron donating effect of the alkyl group on the para -position of the pendant phenyl ring. [ 12 ] Furthermore, the two fl uorinated copolymers display reduced HOMO levels compared to the non-fl uorinated materials due to the electron-withdrawing effect of the fl uorine atoms. [ 10 ] We investigated the photovoltaic performance of the four copolymers in BHJ solar cells with the conventional device architecture of ITO/PEDOT:PSS/active layer/Ca/Al and an active area of 10 mm 2 under AM 1.5G simulated solar light (100 mW cm -2 ). Phenyl-C 71 -butyric acid methyl ester (PC 71 BM) was used as the acceptor because of its good light absorption across the visible spectrum. [ 13 ] The device effi ciency was optimized with respect to i) the processing solvent ( o DCB), ii) the active layer thickness, iii) the copolymer:PC 71 BM ratio, and iv) post-deposition annealing conditions of the active layer before cathode deposition (see Table 3 for parameters of optimized solar cells and Figure 3 for current density-voltage characteristics). The reliability of the performed device characterization was ensured by preparation of 20 optimized devices for each copolymer:PC 71 BM blend. Optimized solar cells based on meta -substituted copolymers display a superior open-circuit voltage ( V oc ) and short-circuit current density ( J sc ) compared to para -substituted copolymers, which results in a higher PCE. We note that the PCE of optimized PIDTTQ-p:PC 71 BM solar cells is 7.3%, which is comparable to the results obtained by Guo et al. for the same blend but a smaller active area of only 4 mm 2 (7.5%). [ 8 ] Encouragingly, the use of the meta -substituted copolymer PIDTTQ-m results in a clear improvement in PCE to 7.8%.
As anticipated, the V oc of optimized solar cells scales with the energy of the copolymer HOMO levels with high values that range from 0.85 V for PIDTTQ-p:PC 71 BM to 0.96 V for PIDTTQF-m:PC 71 BM. It was noted that the meta -substituted copolymers exhibit a higher V oc compared to the corresponding para -substituted analogues. We rationalize this behavior with the deeper HOMO levels of the meta -substituted copolymers. In addition, this is also consistent with the phenomenon disclosed in our previous work, where polymers with meta -substituted side chains exhibited higher V oc . [ 9a ] Devices based on the two fl uorinated copolymers feature a slightly higher V oc , which agrees with previous reports. [ 10 ] It is worth noting that PIDTTQF-m:PC 71 BM solar cells exhibited a remarkably high V oc ≈ 0.96 V together with a high PCE ≈ 6.6%, which hence represents one of few high-performance systems that can provide such a high photovoltage. [ 14 ] This good photovoltaic performance, combined with the narrow absorption spectrum of PIDTTQF-m:PC 71 BM blends, shows great potential for use in tandem solar cells. [ 15 ] In order to better understand the photocurrents of optimized solar cells we performed a series of external quantum effi ciency (EQE), GIWAXS, atomic force microscopy (AFM) and fi eld-effect transistor (FET) measurements. For all optiAdv. Energy Mater. 2014, 1400680 mized devices, the photocurrent obtained by integration of the corresponding EQE spectra agrees well with the J sc obtained from current density-voltage measurements ( Figure  3 ). GIWAXS patterns of all four blends indicate the absence of ordered polymer and fullerene domains (Supporting Information, Figure S1 ). A broad amorphous halo typical for PC 71 BM is observed in all four blends, which indicates the presence of relatively pure domains of the acceptor material. AFM images of fl uorinated copolymer:PC 71 BM blends reveal 100-200 nm large domains and a rough surface with a root mean square (RMS) roughness of 3.1 nm for PIDTTQF-p:PC 71 BM and 3.7 nm for PIDTTQF-m:PC 71 BM ( Figure 4 ). We propose that poor miscibility of the two blend components leads to a nonoptimal nanostructure, which limits the photocurrent of corresponding devices. In contrast, AFM images of non-fl uorinated copolymer:PC 71 BM blends have a well-mixed appearance with a RMS roughness below 0.5 nm for both PIDTTQ-m:PC 71 BM and PIDTTQ-p:PC 71 BM, which correlates with the similar J sc obtained for the corresponding solar cells. Finally, we would like to point out that the hole mobilities of the copolymers as measured in bottom contact, bottom gate fi eld-effect transistors (FETs) are all on the order of 10 −2 cm 2 V −1 s −1 (Table 3 ) , which corroborates that the observed variations in photocurrent are due to differences in the nanostructure of the investigated BHJ blends.
In conclusion, we have designed and synthesized two pairs of IDT-based copolymers with meta -hexyl-phenyl or para -hexylphenyl side chains on the IDT unit. In the case of both fl uorinated and non-fl uorinated copolymers, the meta -substituted copolymers offer better solubility, higher molecular weight and a superior photovoltaic performance. Solar cells based on BHJ blends of the fl uorinated IDT copolymer PIDTTQF-m and PC 71 BM offer a high V oc of 0.96 V and a PCE of up to 6.6%, which makes this material interesting for tandem devices. Nonfl uorinated PIDTTQ-m:PC 71 BM devices yield a slightly lower photovoltage but an improved photocurrent due to a more fi negrained nanostructure of the active layer blend with a PCE as high as 7.8%, which is the highest solar cell effi ciency achieved with IDT-based polymers and represents one of the highest values for donor polymers with band gaps over 1.75 eV. The side-chain design strategy disclosed in this work is anticipated to be highly valuable for the molecular design of conjugated polymers for organic electronics.
Experimental Section
Solar Cell Device Fabrication and Characterization: The structure of the solar cells was glass/ITO/PEDOT:PSS/active layer/Ca/Al. As a buffer layer, the conductive polymer, PEDOT:PSS (Baytron P VP Al 4083), was spin-coated onto ITO-coated glass substrates, followed by annealing at 160 °C for 30 min to remove water. The thickness of the PEDOT:PSS layer was about 40 nm, as determined by a Dektak 6M surface profi lometer. The active layer consisting of polymers and PC 71 BM was spin-coated from o -dichlorobenzene ( o DCB) solution onto the PEDOT:PSS layer. The spin-coating was done in a glove box and the fi lms were thermally annealed for 10 min before they were directly transferred to a vapor deposition system mounted inside of the glove box. Ca (10 nm) and Al (100 nm) were used as top electrodes and were deposited via a mask in vacuum onto the active layer. The accurate area of every device (10 mm 2 ), defi ned by the overlap of the ITO and metal electrode, was measured carefully using optical microscopy. PCE was calculated from J -V characteristics recorded by a Keithley 2400 source meter under illumination of an AM1.5G solar simulator with an intensity of 100 mW cm −2 (Model SS-50A, Photo Emission Tech., Inc.). The light intensity was determined by a standard silicon photodiode. EQEs were measured using a Newport 2931-C coupled with 300 W Xenon lamp.
Fabrication and Characterization of Field-Effect Transistors : The hole mobilities of the polymers were measured using FETs with a bottomgate, bottom-contact structure. Silicon substrates with a 200 nm layer of thermally grown oxide and thermally evaporated gold source and drain contacts were treated with an octadecyltrichlorosilane (OTS) selfassembled monolayer. Isotropic fi lms were spun cast from chloroform solution (10 mg mL −1 ) at 1500 rpm. The mobility was evaluated in the linear regime for 3-4 devices per polymer.
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